Abstract 29
Index can lead to a 0.60 Pg C yr −1 increase in the MLO CGR. 206
The variation in the global F TA anomaly simulated by TRENDY models resembled the 207 MLO CGR variation, with a correlation coefficient of 0.54 ( < 0.01; Fig. 1b indicates that the terrestrial carbon cycle can largely explain the interannual 211 atmospheric CO 2 variability, as suggested by previous studies (Bousquet et al., 2000; 212 Zeng et al., 2005; Peylin et al., 2013; Wang et al., 2016) . Moreover, the correlation 213 coefficient of the TRENDY global F TA and the Niño3.4 Index reached 0.49 ( < 214 0.01), and a similar regression analysis of F TA with Niño3.4 showed a sensitivity of 215 0.64 Pg C yr −1 K −1 . However, owing to the diffuse light fertilization effect induced by 216 the eruption of Mount Pinatubo in 1991 (Mercado et al., 2009) , the Jena CarboScope 217 s81 indicated that the terrestrial ecosystems had an anomalous uptake during the 218 1991/92 El Niño event, making the MLO CGR an anomalous decrease. However, 219 TRENDY models did not capture this phenomenon. This was not only due to a lack of 220 a corresponding process representation in some models, but also because the 221 TRENDY protocol did not include diffuse and direct light forcing. 222 223
EP and CP El Niño events 224
Schematic diagrams of the two types of El Niños (EP and CP) are shown in Fig. 2 . 225
During EP El Niño events ( apart from these differences in the equatorial Pacific, the SSTA in other oceanic 236 11 regions also differ remarkably (Weng et al., 2007; Weng et al., 2009) . 237
Based on the NOAA criterion, a total of 17 El Niño events were detected from 1960 238 through 2013. The events were then categorized into an EP or a CP El Niño based on 239 a consensus of three identification methods (EMI, EP/CP-index, and Niño methods) 240 (Yu et al., 2012 Fig. 1b and Supplementary Fig. S2 ), with the composite SSTA 249 evolutions as shown in Supplementary Fig. S3 . 250 251
Responses of atmospheric CGR to two types of El Niños 252
Based on the selected EP and CP El Niño events, a composite analysis was conducted 253 with the non-smoothed detrended monthly anomalies of the MLO CGR and the 254 TRENDY global F TA to reveal the contrasting carbon cycle responses to these two 255 types of El Niños (Fig. 3) . In addition to the differences in the location of anomalous 256 SST warming and the alteration of the atmospheric circulation in EP and CP El Niños 257 shown in Fig. 2 Correspondingly, behaviors of the MLO CGR during these two types of El Niño 267 events also displayed some differences (Figs. 3b and 3d ). During EP El Niño events 268 (Fig. 3b) , the MLO CGR was negative in boreal spring (yr0) and increased quickly 269 from boreal fall (yr0), whereas it was neutral in boreal spring (yr0) and slowly 270 increases from boreal summer (yr0) during the CP El Niño episode (Fig. 3d) . The 271 amplitude of the MLO CGR anomaly during EP El Niño events was generally larger 272 than that during CP El Niño events. Importantly, the duration of the MLO CGR peak 273 during EP El Niño was from December (yr0) to April (yr1), while the MLO CGR 274 anomaly peaked from October (yr0) to January (yr1) during CP El Niño. We here 275 simply defined the peak duration as the period above the 75% of the maximum CGR 276 (or F TA ) anomaly, in which the variabilities of less than 3 months below the threshold 277 were also included. The positive MLO CGR anomaly ended around September (yr1) 278 in both cases (Figs. 3b and 3d) . During the finalization of this paper, we noted the of CGR evolution during the CP El Niño. In contrast, the amplitude of the TRENDY 284 global F TA anomaly was somewhat underestimated during the EP El Niño, causing a 285 lower statistical significance (Fig. 3b ). This underestimation of the global F TA 286 anomaly can, for example, be clearly seen in a comparison between the TRENDY and 287 the Jena CarboScope during the extreme 1997/98 EP El Niño (Fig. 1b) . Also, other 288 characteristics can be basically captured. Therefore, insight into the mechanisms of 289 these CGR evolutions during EP and CP El Niños, based on the simulations by 290 TRENDY models, is still possible. 291 292
Regional contributions, characteristics, and their mechanisms 293
We separated the TRENDY global F TA anomaly by major geographic regions into two 294 parts: the extratropical northern hemisphere (NH, 23°N-90°N), and the tropics plus 295 extratropical southern hemisphere (Trop+SH, 60°S-23°N) (Fig. 4) . In a comparison of 296 the contributions from these two parts, it was found that the F TA over Trop+SH played 297 a more important role in the global F TA anomaly in both cases (Figs. 4b and 4d), and 298 this finding was consistent with previous studies (Bousquet et al., 2000; Peylin et al., 299 2013; Zeng et al., 2005; Wang et al., 2016; Ahlstrom et al., 2015; Jung et al., 2017) . 300
The F TA over Trop+SH was negative in austral fall (MAM; yr0), increased from 301 14 austral spring (SON; yr0), and peaked from December (yr0) to April (yr1) during the 302 EP El Niño (Fig. 4b) . Conversely, it was nearly neutral in austral fall (yr0), increased 303 from austral winter (JJA; yr0), and peaked from November (yr0) to March (yr1) 304 during the CP El Niño (Fig. 4d) . These evolutionary characteristics in the F TA over the 305
Trop+SH were generally consistent with the global F TA and the MLO CGR (Figs. 3b  306 and 3d). In contrast, the contributions from the F TA anomaly over the NH were 307 relatively weaker (or nearly neutral) (Figs. 4a and 4c) . 308
According to the equation G< = − = − + (where D is the carbon 309 flux caused by the disturbances such as the wildfires, harvests, grazing, land cover 310 change etc.), the variation in F TA can be explained by the variations in GPP, TER, and 311 D. The D simulated by TRENDY was nearly neutral during both El Niño types (Fig.  312   4) . Therefore, GPP and TER largely accounted for the variation in F TA . 313
More Specifically, in Trop+SH, GPP anomalies dominated the variations in F TA for 314 both El Niño types, but their evolutions differed (Figs. 4b and 4d ). The GPP showed 315 an anomalous positive value during austral fall (yr0), and an anomalous negative 316 value from austral fall (yr1) to winter (yr1), with the minimum around April (yr1) 317 during the EP El Niño (Fig. 4b) . Conversely, the GPP anomaly was always negative, 318 with the minimum occurring around October or November (yr0) during the CP El 319 Niño (Fig. 4d) . The variation in the TER in both El Niños was relatively weaker than 320 that of the GPP (Figs. 4b and d) . The anomalous positive TER during austral spring 321 (yr0) and summer (yr1) accounted for the increase in F TA , and it partly canceled the 322 15 negative GPP in austral fall (yr1) and winter (yr1) during the EP El Niño (Fig. 4b) . In 323 contrast, the TER had a reduction in yr0 during the CP El Niño (Fig. 4d) . Over the 324 NH, though the F TA anomaly was relatively weaker, the behaviors of GPP and TER 325 differed in EP and CP El Niños. GPP and TER consistently decreased in the growing 326 season of yr0 and increased in the growing season of yr1 during the EP El Niño (Fig.  327 4a), whereas they only showed some increase during boreal summer (yr1) during the 328 CP El Niño (Fig. 4c) . 329
These evolutionary characteristics of GPP, TER, and the resultant F TA principally 330 resulted from their responses to the climate variability. Figure 5 shows the 331 standardized observed surface air temperature, precipitation, and TRENDY simulated 332 soil moisture contents. Over the Trop+SH, taking into consideration the regulation of 333 thermodynamics and hydrological cycle on surface energy balance, variations in 334 temperature and precipitation (soil moisture) were always opposite during the two 335 types of El Niños (Figs. 5b and d) . Additionally, adjustments in soil moisture lagged 336 precipitation by approximately 2-4 months, owing to the so-called 'soil memory' of 337 water recharge (Qian et al., 2008) . The variations in GPP in both the El Niño types 338 were closely associated with variations in soil moisture, namely water availability 339 largely dominated by precipitation (Figs. 4b and 4d and 5b and 5d), and this result 340 was consistent with previous studies (Zeng et al., 2005; Zhang et al., 2016) . Warm 341 temperatures during El Niño episodes can enhance the ecosystem respiration, but dry 342 conditions can reduce it. These cancellations from warm and dry conditions made the 343 16 amplitude of TER variation smaller than that of GPP (Figs. 4b and 4d) . Over the NH, 344 variations in temperature and precipitation were basically in the same direction (Figs. 345 5a and 5c), as opposed to their behaviors over the Trop+SH. This was due to the 346 different climatic dynamics of the two regions (Zeng et al., 2005) . During the EP El 347
Niño event, cool and dry conditions in the boreal summer (yr0) inhibited GPP and 348 TER, whereas warm and wet conditions in the boreal spring and summer (yr1) 349 enhanced them (Figs. 5a and 4a) . In contrast, only the warm and wet conditions in anomalous carbon uptake between 30°S and 20°N during the period from January 359 (yr0) to June (yr0) during the EP El Niño (Fig. 6c) . This uptake corresponded to the 360 negative precursor (Figs. 3b and 4b ). This anomalous carbon uptake comparably came 361 from the three continents ( Supplementary Figs. S4 a-c) . Biological process analyses 362 indicated that GPP dominated between 5°N and 20°N, and between 30°S and 15°S 363 ( Supplementary Fig. S5a ), which was related to the increased amount of precipitation 364 17 (Fig. 6b) . In contrast, TER dominated between 15°S and 5°N ( Supplementary Fig.  365 S5b), largely due to the colder temperatures (Fig. 6a) . Conversely, the strongest 366 anomalous carbon releases occurred between the equator and 20°N during the period 367 from February (yr1) to August (yr1) during the EP El Niño (Fig. 6c) . The largest 368 contribution to these anomalous carbon releases came from the South America 369 (Supplementary Fig. S4c ). Both GPP and TER showed the anomalous decreases 370 (Supplementary Figs. S5a and S5b), and stronger decrease in GPP than in TER made 371 the anomalous carbon releases here (Fig. 6c) . Low precipitation (with a few months of 372 delayed dry conditions; Fig. 6b ) and warm temperatures (Fig. 6a) inhibited GPP, 373 causing the positive F TA anomaly (Fig. 6c) . In contrast, significant carbon releases 374 were found between 10°N and 20°S from September (yr0) to September (yr1) during 375 the CP El Niño (Fig. 6f) . More specifically, these clear carbon releases largely 376 originated from South America and tropical Asia ( Supplementary Figs. S4 d-f) . TER 377 dominated between 15°S and 10°N during the period from January (yr1) to September 378 (yr1), and other regions and periods were dominated by GPP (Supplementary Figs.  379 S5c and S5d). Widespread dry and warm conditions (Figs. 6d and e) effectively 380 explained these GPP and TER anomalies, as well as the resultant F TA behavior. For 381 more detailed information on the other regions, refer to Supplementary Figs. S4 and 382
S5. 383 384

Discussion 385
El Niño shows large diversity in individual events (Capotondi et al., 2015) , thereby 386 18 creating large uncertainties in composite analyses (Figs. 3-5) . Four EP El Niño events 387 during the past five decades were selected for this study to research their effects on 388 interannual carbon cycle variability (Table 1) . Due to the small number of samples 389 and large inter-event spread ( Supplementary Fig. S2 ), the statistical significance of 390 the composite analyses will need to be further evaluated with upcoming EP El Niño 391 events occurring in the future. However, cross-correlation analyses between the 392 long-term CGR (or F TA ) and the Niño Index have shown that the responses of CGR 393 (or F TA ) lag ENSO by a few months (Zeng et al., 2005; Wang et al., 2016; Wang et al., 394 2013) . This phenomenon can be clearly detected in the EP El Niño composite (Fig.  395   3b) . Therefore, the composite analyses in this study can still give us some insight into 396 the interannual variability of the global carbon cycle. 397
Another caveat is that the TRENDY models seemed to underestimate the amplitude of 398 the F TA anomaly during the extreme EP El Niño events (Fig. 1b) . This 399 underestimation of F TA may partially result from a bias in the estimation of carbon 400 releases induced by wildfires. As expected, the carbon releases induced by wildfires 401 in such 1997/98 strong El Niño event played an important role in global carbon 402 variations (van der Werf et al., 2004; Chen et al., 2017) (Supplementary Fig. S6 ). 403
However, some TRENDY models (ISAM, JULES, and OCN) do not include a fire 404 module to explicitly simulate the carbon releases induced by wildfires (Table 1) since the modern observation (Thomalla and Boyland, 2017) . Therefore, the 2015/16 417 El Niño event evolved not only in a similar fashion to the EP El Niño dynamics that 418 rely on the basin-wide thermocline variations, but also in a similar fashion to the CP 419
El Niño dynamics that rely on the subtropical forcing (Paek et al., 2017; Palmeiro et 420 al., 2017) . The 2015/16 extreme El Niño event can be treated as the strongest mixed 421 EP and CP El Niño that caused different climate anomalies compared with the 422 extreme 1997/98 El Niño (Paek et al., 2017; Palmeiro et al., 2017) , which had 423 contrasting terrestrial and oceanic carbon cycle responses (Wang et al., 2018; Liu et 424 al., 2017; Chatterjee et al., 2017) . 425
As above mentioned, when finalizing our paper, we noted the publication of Chylek et 426 al. (2018) who also focused on interannual atmospheric CO 2 variability during EP and 427 CP El Niño events. We here simply illustrated some differences and similarities. In 
Concluding Remarks 444
In this study, we investigate the different impacts of EP and CP El Niño events on the 445 interannual carbon cycle variability in terms of the composite analysis, based on the 446 long-term MLO CGR and TRENDY multi-model simulations. We suggest that there 447 are three clear differences in evolutions of the MLO CGR during EP and CP El Niños 448 in terms of their precursor, amplitude, and duration of the peak. Specifically, the MLO 449 21 CGR anomaly was negative in boreal spring (yr0) during EP El Niño events, while it 450 was neutral during CP El Niño events. Additionally, the amplitude of the CGR 451 anomaly was generally larger during EP El Niño events than during CP El Niño 452 events. Also, the duration of the MLO CGR peak during EP El Niño events occurred 453 from December (yr0) to April (yr1), while it peaked from October (yr0) to January 454 (yr1) during CP El Niño events. 455
The TRENDY multi-model simulated global F TA anomalies were able to capture these 456 characteristics. Further analysis indicated that the F TA anomalies over the Trop+SH 457 made the largest contribution to the global F TA anomalies during these two types of El 458
Niño events, in which GPP anomalies, rather than TER anomalies, generally 459 dominated the evolutions of the F TA anomalies. Regionally, during EP El Niño events, 460 clear anomalous carbon uptake occurred between 30°S and 20°N during the period 461 from January (yr0) to June (yr0), corresponding to the negative precursor. This was 462 primarily caused by more precipitation and colder temperatures. The strongest 463 anomalous carbon releases happened between the equator and 20°N during the period 464 from February (yr1) to August (yr1), largely due to the reduced GPP induced by low 465 precipitation and warm temperatures. In contrast, clear carbon releases existed 466 between 10°N and 20°S from September (yr0) to September (yr1) during CP El Niño 467 events, which were caused by widespread dry and warm climate conditions. 468
Some studies (Yeh et al., 2009; Ashok and Yamagata, 2009) 
